The primary ozone loss process in the cold polar lower stratosphere hinges on chlorine monoxide (ClO) and one of its dimers, chlorine peroxide (ClOOCl). Recently, analyses of atmospheric observations have suggested that the equilibrium constant, K eq , governing the balance between ClOOCl formation and thermal decomposition in darkness is lower than that in the current evaluation of kinetics data. Measurements of ClO at night, when ClOOCl is unaffected by photolysis, provide a useful means of testing quantitative understanding of the ClO/ClOOCl relationship. Here we analyze nighttime ClO measurements from the National Aeronautics and Space Administration Aura Microwave Limb Sounder (MLS) to infer an expression for K eq . Although the observed temperature dependence of the nighttime ClO is in line with the theoretical ClO/ ClOOCl equilibrium relationship, none of the previously published expressions for K eq consistently produces ClO abundances that match the MLS observations well under all conditions. Employing a standard expression for K eq , A × expðB∕T Þ, we constrain the parameter A to currently recommended values and estimate B using a nonlinear weighted least squares analysis of nighttime MLS ClO data. ClO measurements at multiple pressure levels throughout the periods of peak chlorine activation in three Arctic and four Antarctic winters are used to estimate B. Our derived B leads to values of K eq that are ∼1.4 times smaller at stratospherically relevant temperatures than currently recommended, consistent with earlier studies. Our results are in better agreement with the newly updated (2009) kinetics evaluation than with the previous (2006) recommendation.
The primary ozone loss process in the cold polar lower stratosphere hinges on chlorine monoxide (ClO) and one of its dimers, chlorine peroxide (ClOOCl). Recently, analyses of atmospheric observations have suggested that the equilibrium constant, K eq , governing the balance between ClOOCl formation and thermal decomposition in darkness is lower than that in the current evaluation of kinetics data. Measurements of ClO at night, when ClOOCl is unaffected by photolysis, provide a useful means of testing quantitative understanding of the ClO/ClOOCl relationship. Here we analyze nighttime ClO measurements from the National Aeronautics and Space Administration Aura Microwave Limb Sounder (MLS) to infer an expression for K eq . Although the observed temperature dependence of the nighttime ClO is in line with the theoretical ClO/ ClOOCl equilibrium relationship, none of the previously published expressions for K eq consistently produces ClO abundances that match the MLS observations well under all conditions. Employing a standard expression for K eq , A × expðB∕T Þ, we constrain the parameter A to currently recommended values and estimate B using a nonlinear weighted least squares analysis of nighttime MLS ClO data. ClO measurements at multiple pressure levels throughout the periods of peak chlorine activation in three Arctic and four Antarctic winters are used to estimate B. Our derived B leads to values of K eq that are ∼1.4 times smaller at stratospherically relevant temperatures than currently recommended, consistent with earlier studies. Our results are in better agreement with the newly updated (2009) kinetics evaluation than with the previous (2006) recommendation. C urrent understanding of ozone loss in the polar lower stratosphere holds that photolysis of one of the chlorine monoxide (ClO) dimers, chlorine peroxide (ClOOCl), is the rate-limiting step in the ClO þ ClO catalytic cycle of ozone destruction (1) . In darkness, when ClO and ClOOCl should be in equilibrium, partitioning between them is governed by the equilibrium constant, K eq , defined to be the ratio of the rate constants of the ClO self-reaction that forms ClOOCl (ClO þ ClO þ M → ClOOCl þ M, where M is a third body) and the ClOOCl thermal dissociation reaction (ClOOCl þ M → ClO þ ClO þ M). Thus K eq ¼ ½ClOOCl∕½ClO 2 when ClOOCl and ClO are in thermal equilibrium; i.e., photolysis is negligible and sufficient time has elapsed for equilibrium to have been achieved. K eq is strongly temperature-dependent; at higher temperatures (above ∼200 K), ClOOCl decomposes and ClO is favored.
All laboratory determinations of K eq to date have been conducted at temperatures considerably above those relevant for the lower stratospheric winter polar vortices. Recent reports from the National Aeronautics and Space Administration (NASA) Data Evaluation Panel, including the widely used JPL06 recommendation (2) , have extrapolated experimental values to lower stratospheric conditions. Questions have been raised, however, about the realism of the extrapolated values. Brune et al. (3) observed substantial ClO abundances at high solar zenith angles and estimated the magnitude of chlorine activation on the basis of thermal equilibrium between ClO and ClOOCl; their analysis suggested a lower value of K eq than that determined in a previous laboratory study (4) . Since then, several other studies based on atmospheric observations, from both in situ (5-10) and satellite (11) sensors, have also concluded that considerably smaller values of K eq (implying a lower temperature at which thermal decomposition overtakes photolysis as the dominant ClOOCl loss process at high solar zenith angles) are needed to match observed nighttime ClO. Recent laboratory measurements (12, 13) support smaller values for K eq as well, although these studies did not measure K eq directly. The latest evaluation, JPL09 (14) , a partial update produced in support of the upcoming 2010 World Meteorological Organization Scientific Assessment of Ozone Depletion, also recommends a K eq smaller than that in JPL06. The NASA Data Panel recommendations in JPL06 and JPL09 are based solely on studies providing direct measurements of K eq (4, 15) , with the differences between the JPL06 and JPL09 expressions arising primarily from a change in the weighting applied to laboratory measurements of K eq at low temperature. Overall, values of K eq reported in the literature vary by a factor of 2 at 298 K (and by larger factors at lower temperatures; e.g., ref. 13) . Smaller values of K eq imply greater thermal dissociation of ClOOCl, resulting in more ClO at a given temperature but less ClOOCl available to photolyze and consequently less chlorine-catalyzed ozone destruction, particularly in twilight. Better knowledge of K eq is therefore required for accurate prediction of polar ozone loss, especially in the Arctic, where polar vortex temperatures frequently fall in the regime within which both photolysis and thermal decomposition of ClOOCl control net ClO abundances.
The Microwave Limb Sounder (MLS), launched as part of NASA's Aura mission in July 2004, measures vertical profiles of a suite of trace gases in the middle atmosphere, including ClO. MLS provides daily global coverage, allowing the behavior of ClO to be investigated over a broad range of temperatures throughout the polar vortices for multiple winters in both hemispheres. Here we exploit the vast quantity of MLS data available to constrain the value of K eq , first by comparing MLS measurements of nighttime ClO to equilibrium ClO abundances predicted using selected forms of K eq from the literature, and then by inferring K eq from the MLS nighttime ClO observations themselves under the assumption that the equilibrium relationship between ClO and ClOOCl controls ClO abundances in darkness.
Aura MLS Observations of Nighttime ClO
Chlorine activation leads to substantial ClO enhancement at polar latitudes throughout the lower stratosphere during winter in both hemispheres (1) . Fig. 1 shows MLS nighttime ClO data This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: Stanley.P.Sander@jpl.nasa.gov.
interpolated to 520 K potential temperature (∼46 hPa, ∼19 km altitude) near the peak in the ClO vertical profile. Daily averages are calculated in equivalent latitude [EqL, the latitude encircling the same area as a given contour of potential vorticity (16) ], rather than geographic latitude, to obtain a polar vortex-centered view. This approach ensures that only meteorologically similar air masses are averaged together and that regions of ClO enhancement inside the winter polar vortex are segregated from extravortex regions, where ClO mixing ratios are generally very low. MLS observes nonnegligible nighttime enhancement in ClO poleward of 60-65°EqL in all winters, from late May through September in the Antarctic, and from December through February in the Arctic. EqL-mean values at night approach 1 part per billion by volume (ppbv) in the Arctic midwinter. Although in general the magnitude of chlorine activation is considerably greater in the Antarctic (1), lower midwinter temperatures there typically lead to ClO enhancements in darkness smaller than those observed in the Arctic. Greater variability in nighttime ClO abundances in the Arctic most likely arises because of larger, more frequent temperature fluctuations than in the Antarctic. Scatter increases in both hemispheres during summer, when fewer points are available in darkness to contribute to the daily averages.
For the remainder of this analysis we focus only on those measurements identified to lie inside the polar vortex core, conservatively defined by EqL contours of 70°in the Arctic and 65°in the Antarctic. We further focus on the periods of peak chlorine activation, when most of the chlorine has been converted into reactive forms, and reservoir species such as HCl and ClONO 2 can be assumed to play a minor role. On the basis of previous studies using Aura MLS and model simulations (17) (and similar results for other winters), we define the peak activation periods to encompass January 20 through February 20 in the Arctic and June 25 through September 1 in the Antarctic, during which total reactive chlorine typically constitutes more than 75% (90%) of total inorganic chlorine in the Arctic (Antarctic) lower stratospheric vortex core.
Observed and Calculated Equilibrium ClO Values
Three representative days during the 2008 Arctic winter on which MLS sampled a broad range of temperature conditions inside the vortex core are highlighted in Fig. 2 . As expected from ClOOCl thermal decomposition, MLS nighttime ClO abundances inside the winter polar vortices generally increase with increasing temperature.
MLS measurements of ClO are compared to equilibrium ClO abundances calculated using selected expressions for K eq from the literature, including the one in the JPL06 recommendation (2) and those derived from in situ atmospheric observations obtained during campaigns in the 1990 (6) essentially equivalent, approach would have been to simply vary the JPL06 parameterization over the range of its reported uncertainty. In any case, it is important to note that, given their large absolute uncertainties, it is not possible to identify one "best" expression for K eq from among those previously published. Calculation of equilibrium ClO based on a given K eq requires knowledge of the abundance of active chlorine, ClO x , defined here as ClO þ 2 × ClOOCl. Unfortunately, MLS does not measure ClOOCl, and no simultaneous, colocated ClOOCl data exist. Although ClO x could be inferred from MLS measurements of daytime ClO (17, 18) , current uncertainties in the ClOOCl photolysis rate (19) (20) (21) compromise the fidelity of such a calculation. Alternatively, ClO x could be derived by estimating the total inorganic chlorine from MLS measurements of N 2 O and assuming complete activation, but this approach introduces errors from the assumed correlation between N 2 O and total chlorine as well as from the quality of the MLS N 2 O data. Instead, we have chosen to rely on simulated ClO x values from the SLIMCAT three-dimensional chemical transport model (22) . SLIMCAT offers an especially convenient option because customized simulations are available for nearly every day of data, sampled at the MLS locations and times. SLIMCAT has been used extensively for a wide range of studies and in particular has been shown to broadly reproduce polar chemical and dynamical processes (22) (23) (24) . Fig. 2 shows that the temperature dependence of MLS ClO is in line with the theoretical ClO/ClOOCl equilibrium relationship. Because of uncertainty in both the measurements and the model curves, it is not possible to unequivocally exclude the existence of other chlorine reservoirs besides ClOOCl, but the results of Fig. 2 arguably preclude any mechanism with a greatly dissimilar temperature dependence. As noted previously (6) , it is difficult to distinguish between the various K eq expressions at the lowest temperatures, whereas the measurements at higher temperatures provide a more effective constraint. Variability is significant, with the best correspondence with MLS data obtained for different K eq expressions at different times and temperatures (and pressures). For example, on January 20 none of the expressions provide a particularly good match to the data, although the ClO amounts calculated from the Avallone and Toohey (6) expression are at least within the MLS uncertainty envelope. In contrast, on January 25 the JPL06 K eq leads to equilibrium ClO abundances that initially follow the observed temperature variation well but depart substantially from the data at higher temperatures, where the MLS measurements fall between the curves based on the Avallone and Toohey and von Hobe et al. (8) K eq expressions. On February 3 , the K eq from Avallone and Toohey produces good agreement with the data throughout most of the temperature domain. On all days, the K eq derived by von Hobe et al. overestimates the observed nighttime ClO.
A complication arising from the use of SLIMCAT is that, in part because of the simplified equilibrium scheme used to parameterize polar stratospheric clouds (PSCs), the commonly used version of the model overestimates the magnitude and spatial extent of chlorine activation inside the winter polar vortices, especially at the margins of the PSC season in the Arctic (17) . In a typical Antarctic winter, SLIMCAT overestimates ClO x during the peak chlorine activation period by as much as ∼25%, whereas the degree of overestimation during the Arctic midwinter ranges over ∼15-50% in much of the lower stratosphere (17) .
To account for the model overestimation of chlorine activation, we repeated the equilibrium ClO calculations with SLIMCAT ClO x abundances decreased by 30%, a representative (albeit pessimistic, particularly in the Antarctic) factor. In the reduced-ClO x scenario, equilibrium abundances derived from the JPL06 K eq substantially underestimate observed ClO at most temperatures (Fig. 2) , and agreement with calculations based on the Avallone and Toohey K eq is degraded in most cases. ClO values estimated using the von Hobe et al. K eq , originally far outside the uncertainty envelope of the MLS data, now fall within it for the most part. Results are thus significantly influenced by the assumed ClO x abundances. Fig. 3 shows time series over the 2008 Arctic winter peak activation period of the differences between the ClO calculated using the various K eq relationships (based on nominal SLIMCAT ClO x abundances) and that observed by MLS for two particular temperature bins (199 and 209 K). Despite substantial day-to-day variability in the agreement between modeled and measured ClO, some general conclusions can be drawn. The von Hobe et al. K eq uniformly overestimates MLS ClO. The Avallone and Toohey K eq typically overestimates MLS ClO at the lower temperatures, but often produces the value closest to that observed, whereas JPL06 typically underestimates MLS ClO, but also often agrees with the data most closely. Differences from MLS are generally larger at higher temperatures. None of the K eq expressions consistently provides the best match to MLS ClO data under all conditions. K eq Estimated from Aura MLS ClO Data Measurements of ClO in darkness, when photolysis is negligible and remotely sensed air masses are expected to be in chemical and thermal equilibrium, can be used to deduce K eq . MLS covers most of the polar vortex throughout multiple winters in both hemispheres, leading to a vast quantity (tens of thousands) of nighttime ClO measurements over a broader range of temperatures and more diverse conditions than are typically sampled by in situ datasets. The temperature dependence of the equilibrium constant is often parameterized (2) by an expression of the following form: K eq ¼ A × expðB∕TÞ. Parameter A is related to the standard reaction entropy change, while parameter B is related to the standard reaction enthalpy change, which is equivalent to the O-O bond dissociation energy of ClOOCl at 298 K. We have chosen to deduce K eq using a third law analysis in which the entropy is assumed to be known. Thus we fix the value of A and estimate the value of B. A is first taken to be the value specified in JPL06 (9.30 × 10 −28 cm 3 molecule −1 ); the calculations are then repeated using the updated value (1.72 × 10 −27 cm 3 molecule −1 ) in JPL09 (14) .
As before, we take ClO x abundances from SLIMCAT simulations associated with each MLS measurement point. Only those measurements inside the vortex for which the temperature exceeds 190 K and the solar zenith angle (SZA) exceeds 105°a re considered, to ensure that the sampled air parcels have experienced warm conditions and have achieved thermal and chemical equilibrium. With these assumptions, we employ a standard weighted (by the precision on each MLS ClO data point) nonlinear least squares iterative approach that solves for the B value that minimizes the differences between observed and calculated equilibrium ClO on each day. This method yields several advantages over fitting a straight line to the expression lnð½ClOOCl∕½ClO 2 Þ ¼ lnðAÞ þ Bð1∕TÞ. In particular, the latter approach requires that the ∼0.1 ppbv noise on individual MLS ClO measurements (25) be propagated into lnðK eq Þ space. The asymmetry this causes in the error statistics, and the additional complications that arise in taking the logarithm of negative numbers (which occur when measurement noise produces values of ClO exceeding the estimated ClO x ), introduce significant (tens of K) biases into the estimate of B. This bias is avoided in our approach, in which the fit is performed in ClO mixing ratio space, where the noise is Gaussian. MLS radiance noise occasionally gives rise to negative ClO mixing ratios; though unphysical, negative values must be retained to avoid introducing biases into the calculations. B values are retrieved at four MLS retrieval pressure surfaces (32, 46, 68, and 100 hPa) for each day throughout the peak chlorine activation periods (defined previously) in three Arctic Averages of the daily B values, weighted by their uncertainty arising from ClO measurement noise, are tabulated (based on the JPL06 A) for each pressure surface in each winter in the Arctic (Table 1) and Antarctic (Table 2) , along with the number of MLS measurements going into the analysis in each case. We report the uncertainty in these weighted averages as the root mean square of the deviations from the weighted mean, rather than the estimated precision of the mean due to measurement noise (which is much smaller), to capture systematic uncertainties that can vary from day to day. With the exception of the Arctic at 32 hPa, for which the weighted-average B is higher in all winters than for any other cases, no systematic differences with pressure, year, or hemisphere are evident.
With the abundance of MLS data available, we have the luxury of focusing on those pressure levels exhibiting the least scatter in the daily values in all winters: 32 and 46 hPa in the Antarctic and 46 and 68 hPa in the Arctic. Daily B retrievals at these levels are shown for all winters considered in both hemispheres in Fig. 4 . As before, some day-to-day variability is evident, especially in the Antarctic. Colder conditions in the Antarctic result in a more limited temperature range being sampled and fewer observations meeting the selection criteria, leading to greater variability and larger error bars than in the Arctic. No substantial trend over the chlorine activation season is seen for any pressure level/winter.
Several different strategies can be used to determine an overall B value. Taking the weighted average of the daily retrievals for the levels and winters depicted in Fig. 4 , we find an overall average value of B of 8;685 AE 77 K. Alternatively, we have also run the retrieval system on the aggregate dataset comprised of all 37,272 MLS measurements of nighttime ClO contributing to the daily retrievals. The value of B retrieved from the combined dataset is 8,694 K, negligibly different from that obtained by averaging the daily retrievals. In either case, the number of data points is sufficiently large that the uncertainty on the estimated B arising solely from noise on the ClO measurements is ∼1 K.
Several sensitivity studies have been performed to more fully assess the systematic uncertainties in our retrieved B, as summarized in Table 3 . These sensitivity tests were done in the context of the daily retrievals (the majority using the 2008 Arctic winter as a Arctic Study Period Fig. 4 . Time series of daily B retrievals over the four Antarctic (three Arctic) midwinter study periods on the 32 and 46 hPa (46 and 68 hPa) MLS retrieval pressure levels. Parameter A is fixed to the value specified in JPL06 for these retrievals. Error bars are shown for the 46-hPa level for the Arctic and Antarctic winters of 2005 (other error bars omitted for clarity); they reflect the estimated precision of the daily B retrievals, calculated by propagating the precision of the MLS ClO measurements through the retrieval system. Gray shading marks the range around the B value (8,694 K) retrieved from the aggregate dataset arising from its estimated uncertainty (AE135 K). See text for details.
test case), rather than on retrievals of the aggregate dataset. Including the daily retrieved values from all four pressure levels in both hemispheres, instead of just two, leads to an overall B that is negligibly different (8,694 K) but characterized by a larger root mean square of the deviations from the weighted mean (AE115 K, based on 115,528 measurements), reflecting the larger scatter at the levels omitted from Fig. 4 . Considering data only from the Arctic or only from the Antarctic produces B estimates that differ only slightly (<0.5%), suggesting that the possibility of incomplete chlorine activation in the Arctic has not significantly compromised our results. Applying a more restrictive definition of "nighttime" for the MLS ClO measurements also has a negligible impact on the overall B estimate, as does using a higher threshold temperature to define "warm" conditions. Reducing the assumed value of ClO x by 30% decreases the estimate of B by ∼80 K (∼0.9%) at these levels in the Arctic (less in the Antarctic). A potential error of 1 K in the temperatures influences B at the 45-K level. Bias and scaling errors (1-σ) in the MLS ClO data of 0.05 ppbv and 10% (25) , respectively, give rise to uncertainty in B of 80 K. Finally, a 0.05-ppbv uncertainty in the latitude-and altitude-dependent empirical bias correction for the version 2 MLS ClO measurements at the lowest retrieval levels (25; also see Methods) leads to changes in the retrieved B value of ∼55 K. Taking the root sum square of the changes in B arising from 1-σ estimated uncertainties in the MLS ClO data (80 K), SLIMCAT ClO x abundances (80 K), MLS ClO bias correction (55 K), temperatures (45 K), SZA threshold (12 K), and included pressure levels (10 K), we estimate the total uncertainty in our retrieved B value to be AE135 K. Fig. 4 shows that this uncertainty encompasses all of the variability in the daily B retrievals in the Arctic, and nearly all of it in the Antarctic, confirming the validity of our 1-σ uncertainty estimate. Our overall retrieved B values are compared to those recommended in the JPL06 and JPL09 evaluations in Table 4 ; the corresponding K eq values calculated from them at temperatures of 298 and 200 K are also tabulated. The difference between our estimated B and that in the recommendation is approximately halved for JPL09 compared to JPL06 (although the derived K eq value at 200 K is virtually indistinguishable in the two cases). Consistent with previous studies based on both in situ (3, (5) (6) (7) (8) (9) (10) and remote (11) measurements, which have found that K eq values 2-6 times smaller than recommended in JPL06 (or earlier evaluations) are required to match atmospheric observations (10), our B retrieval yields a value of K eq that is smaller than that in JPL09 (JPL06) by a factor of ∼1.4 (factor of 2) at temperatures relevant for the polar lower stratosphere.
The temperature dependence of the equilibrium constant (½ClOOCl∕½ClO 2 ) inferred from the MLS measurements is shown in Fig. 5 , along with the K eq calculated using the B retrieved from the aggregate dataset with A fixed to the JPL09 value. The uncertainty range of our derived K eq overlaps with that of the JPL09 evaluation. Despite the fact that the laboratory experiments were conducted in temperature regimes very different from those under which the satellite measurements were obtained, the results are largely congruent, validating the extrapolation of the high-temperature laboratory results to lower stratospheric conditions. In contrast, the analysis of Avallone and Toohey (6) matches that based on MLS data very well, with K eq values derived from the two datasets agreeing to within ∼5% at lower stratospheric temperatures (for the JPL09 case). Direct intercomparison of measurements with such vastly different sampling scales (satellite data represent "average" conditions over a relatively large volume of air, whereas in situ data represent conditions at a local point) is hampered by atmospheric variability (e.g., ref. 25) . Derivation of a fundamental parameter such as K eq provides an indirect means of cross-validating datasets obtained two decades apart using completely different techniques. The excellent agreement demonstrated in Fig. 5 further substantiates the quality and quantitative utility of MLS ClO data.
Compared to earlier studies, including of satellite data (11), our analysis has utilized far more measurements, from multiple winters in both hemispheres, and covered higher solar zenith angles in a broad temperature domain. We find that the *Uncertainty in B given in JPL06 (2) . Uncertainty in calculated K eq derived by multiplying and dividing by the 1-σ uncertainty factor given in JPL06. † Based on retrieval of the aggregate dataset comprised of 37,272 nighttime MLS ClO measurements at 46 and 68 hPa in the Arctic and 32 and 46 hPa in the Antarctic. Uncertainty on B estimated as described in the text. Uncertainty in K eq derived by propagating the estimated uncertainty in B through the calculation of K eq . ‡ Uncertainty in B given in JPL09 (14) . Uncertainty in calculated K eq derived by multiplying and dividing by the 1-σ uncertainty factor given in JPL09. temperature dependence of the observed nighttime ClO is consistent with thermal equilibrium between ClO and ClOOCl.
Methods
MLS measures millimeter-and submillimeter-wavelength thermal emission from the limb of Earth's atmosphere (26) . The Aura MLS fields of view point in the direction of orbital motion and vertically scan the limb in the orbit plane, leading to data coverage from 82°S to 82°N latitude on every orbit. The Aura orbit is sun-synchronous (with an ascending equator-crossing time of 1:45 PM local solar time); thus MLS observations at a given latitude on one segment of the orbit (either ascending or descending) have essentially the same local solar time. Southern high latitudes are sampled by descending measurements near midnight local time, whereas northern high latitudes are sampled by descending measurements in the early predawn hours (∼3-5 AM). Here we use version 2.2 (v2.2) MLS ClO measurements, which in the lower stratosphere have vertical resolution of ∼3 km. Horizontal resolution is ∼3 km across-track and 400-500 km along-track, with ∼165 km along-track separation between adjacent profiles (25) . Single-profile measurement precision is 0.1 ppbv. The v2.2 MLS ClO data are characterized by a bias uncertainty of AE0.05 ppbv and a scaling uncertainty of AE10% (1-σ estimates) (25) . Because a significant negative bias (0.02-0.27 ppbv) is present in the v2.2 MLS ClO data at the retrieval levels primarily used here, it is necessary to correct individual ClO measurements by subtracting the estimated latitude-dependent value of the negative bias at each of the affected retrieval levels (25) . SLIMCAT is a three-dimensional off-line chemical transport model that includes a detailed description of stratospheric chemistry (22, 27) . Photochemical data are taken from the JPL03 recommendation (28) , except for the ClOOCl photolysis rate, for which the values of ref. 29 are used, with a long-wavelength extrapolation to 450 nm (7). Near-real-time operational SLIMCAT simulations are available for almost every day of MLS data, with an equivalent model value obtained for each MLS observation point, interpolated to the MLS location and taken at the nearest available time (always within 15 min).
MLS and SLIMCAT data are interpolated to potential temperature surfaces and segregated by equivalent latitude using derived meteorological products (30) based on NASA's Global Modeling and Assimilation Office Goddard Earth Observing System versions 5.0.1 and 5.1.0 (GEOS-5) analyses (31) . Fig. 5 . Inferred equilibrium constant (½ClOOCl∕½ClO 2 , based on nominal SLIMCAT ClO x ) as a function of reciprocal temperature for 37,272 MLS measurement points meeting the EqL, SZA, and temperature criteria on each day during the peak chlorine activation periods at 32 and 46 hPa in four Antarctic winters and at 46 and 68 hPa in three Arctic winters (small gray crosses). K eq (¼A × expðB∕T Þ) calculated from the B value retrieved from the aggregate MLS dataset and the JPL09 A value is shown by the large black dots; the range in K eq arising from the estimated uncertainty in the retrieved B (AE135 K) is marked by error bars. The temperature dependence of the inferred K eq is compared to that of the JPL09 expression [red solid line, with the stated uncertainty (14) shown by error bars]. For reference, the JPL06 K eq is also included (red dashed line; the uncertainty range is omitted for clarity). The temperature dependence of the K eq expressions deduced from the in situ measurements of Avallone and Toohey (6) and von Hobe et al. (8) are also shown (blue and green solid lines, respectively).
